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ON THE CONDUCTIVITY OF PLASMA IN ST-RGNG 

EUC' i '2 IC AiiD MAGNdTIC FIELDS * 

by V. P. S i l i n  

It is  shown t h a t  t he  conduct iv i ty  oi plasma i n  s t r o n g  e l e c t r i c  

and magnetic f i e l d s  d e p n d s  non l inea r ly  on t h e  e l e c t r i c  f i e l d  s t r e n g t h .  

&*hen the  n o n l i n e a r i t y  is s t r o n g ,  t he  cause of  onse t  of t h e  corresponding 

dependence c o n s i s t s  i n  t h a t  t h e  f i e l d  s t r e n g t h  de t e r rknes  t h e  motion ve- 
l o c i t y  of c o l l i d i n g  p z r t i c l e s .  ;.hen the  n o n l i n e a r i t y  is f e e b l e ,  t h e  depen- 

ence a r i s e s  when such a f i e l d  d r ives  t h e  c o l l i d i n c  p a r t i c l e s  

rebyion of  c o l l i s i o n .  

* 
* * 

.;,et u s  cons ide r  t h e  cues t ion  of plasma conduc t iv i ty ,  when such a 
plasma is s i t u a t e d  i n  a cons tan t  and uniform m a p e t i c  f i e l d  B, under con- 

d i t i o n s ,  whereby a s t r o n g  hiSh freouency wave of circular polariaation 
pronagates  i n  t h e  plasma aloncr the  magnetic f i e l d ,  K t h  t h e  h e l p  of  t h e  
k i n e t i c  equs t ion  f o r  a plasma i n  a s t r o n q  f i e l d  (see c l , 2 1 )  we  s h a l l  

t hen  o b t a i n  t h e  gene ra l i zed  Ohm l a w :  
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2. 

where ea is t h e  charge; ma is t h e  mass; Na is the  number of par- 

t i c l e s ;  Q0 = eaB/mac is t h e  gyroscopic frequency v e c t o r ;  ja is t he  

c u r r e n t  d e n s i t y  of type-a p a r t i c l e s ;  E, and EZ are equa l  and mutually 

perpendiculzr  components of t h e  e l e c t r i c  f i e l d  

4 

= EZ = E,,) , f i n a l l y ,  

I n  formula ( 2 )   UT^ = Y ~ T Q /  mo is t he  thermal v e l o c i t y ;  J1 is t h  Bessel 
func t ion ;  %,is equa l  by order  of magnitude t o  t h e  i n v e r s e  Debye 

r a d i u s  of i o n s ,  and km, is determined, as usua l ,  by t h e  n o n a p p l i c a b i l i t y  
of t h e  pe r tu rba t ion  theory or of c l a s s i c a l  mechanics, w i t h  t h e  only d i f -  

f e r e n c e ,  t h a t  we should u t i l i z e  for p a r t i c l e  energy t h e  express ion  

t a k i n g  i n t o  account the  o s c i l l a t i o n  o f  t h e  p a r t i c l e  under t h e  e f f e c t  of 

t h e  e l e c t r i c  f i e l d .  The corresponding express ion  f o r  e2 d i f f e r s  from 

(2) by t h e  mere s u b s t i t u t i o n  of cos  0 7 / 2  by s i n e ,  

When obtainin,? the  equat ion ( 1 )  , w e  neglec ted  t h e  s p a t i a l  d i s -  

pe r s ion  as t h i s  is usua l ly  done i n  t he  theory o f  conduc t iv i ty ,  condi t ion-  

ed by by c o l l i s i o n s  of p a r t i c l e s .  !'!e s h a l l  t ake  i n t e r e s t  i n  t he  case of 
f r equenc ie s ,  f a i r l y  sna l l  by comparieon w i t h  t h e  e l e c t r o n  Langmuir f re -  

ouency of the  plasma, and we s h e l l  limit our se lves  by the  case of s i n g l y  

i o n i z e d  ions .  We then may neqlect  s2 by comparison with el, while f o r  

sle, corresponding t o  e l e c t r o n i c  c u r r e n t ,  we s h a l l  have 

x exp { - x2 [ ~ 2  (I + 5) cos2 o + sins 0 (sin2 E + -$ sins 12. d l  E)]} .' (3) 



3 .  

- 
IIere = k12t7T,$2c-1, 11 = 120E1 vre, iq1- e r e  VI.: = E~[c / ~ r t  (0 - 52,) - ci / d l  (0  - S2i) J 

i s  ti.:r: v e l o c i t y  of t:,e jx’l.pti.:e ::-otic:r- of t he  e1ectr.cn an2 iolz i n  t h e  

maqnetic and  e l e c t r i c  f i e l d s .  It is n a t u r a l ,  t h a t  siich an express ion  

zalces sense  i n  cond i t ions ,  when c o l l i s i o n s  c o n s t i t u t e  a small e f f e c t .  

For plasma conduc t iv i ty  across's s t r o n g  magnetic f i e l d ,  t h e  last condi- 

t i o n ,  vJ:.ich is t h e  only one o f  i n t e r e s t  t o  u s ,  i n  f ac t  t a k e s  p l ace .  

F i n a l l y ,  Emnx(%) = x-3~:xIlla,’/~ is t h e  m a x i m u m  v a l u e ,  t o  which t h e  i n t e g r a -  
t i o n  over  3 should be c e r r i e d .  Such a value ar ises  from t h e  cond i t ion  

of ap . i - l i cab i l i ty  of t!-e pe r tu rba t ion  theo ry ,  l a i d  a t  t h e  b a s i s  of t h e  

i n i t i a l  k i n e t i c  equat ion  f o r  charged p a r t i c l e s  i n  s t r o n g  f i e l d s  c l , 2 1 .  
T i t h i n  t h e  bounds of a very s t r o n g  f i e l d ,  when q > 1  , we 

ob ta in  f o r n  ( 3 )  

where r a ~ p  = 1 / I ; , , ~ ~ ~ ~ ~  rll,,,, = 1 / kmnX. The dependence on the  f i e l d ,  a r i s i n g  i n  
f o r m l a  ( 5 )  corresponds q u a l i t a t i v e l y  t o  t h e  s u b s t i t u t i o n  i n  t h e  e f f e c t i v e  

c o l l i s i o n  frequency of  t h e  thermal v e l o c i t y  by t h e  v e l o c i t y  of o s c i l l a t i o n s .  

Such ar_ e f f e c t  corresponds t o  s t r o n g  n o n l i n e a r i t y .  

Gne Gay speak of feeble  n o n l i n e a r i t y  i n  cond i t ions ,  when t h e  

thermal  veloci t7-  of e l e c t r o n s  is g r e a t  by comparison w i t h  dE. However, 

even i n  such cond i t ions  tile 7resence of t h e  e l e c t r i c  f i e l d  l e a d s  t o  qu6d-i- 

t e t i v e  e f f e c t s ,  i f  a t  the same t ime, t h e  magnetic f i e l d  is s u f f i c i e n t l y  

g r e a t .  Below, we s h a l l  p r e c i s e l y  t u r n  t o  such a c a s e ,  when t h e  gyroscopic 
r e d i i  of p a r t i c l e s  a r e  sma l l e r  than tile s h i e l d i n g  r a d i u s  of t h e  Coulomb 

f i e l d .  A t  t h e  s a n e  t ime .  from fo rnu la  ( 3 )  we s h a l l  have f o r  t h e  i so the rmic  

plasma : 
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+ (E) sillzeJ} J ;  (xi;? sin 01, J ,  ( 5 )  = sin2 5 +. (fill rn) sin2 (grn / M) . (7) 

The i n t e g r a l  ( 7 )  is  determined by con t r ibu t ion  of c o l l i s i o n s  w i t h  

the s i g h t i n g p a r a m e t e r s ,  g r e a t e r  than  the  gvroscopic r a d i u s  of  e l e c t r o n s  

fa . Tn a s t r o n g  magnetic f i e l d , t h e  ep;reas a t  such c o l l i ~ i o n s  from t h e  

rea ion  of i n t e r a c t i o n  is slowed down, wilich l e a d s ,  as is  w e l l  known c2, 31 
t o  twice l o . - J a r i t '  mic expre,  z ions ,  inasmuck as t he  time, dur ing  which the  

c o l l i s i o n  t a k e s  p lace  is s i g n i f i c a n t l y  g r e a t e r  than  the per iod  of  gyrosco- 

p i c  r o t a t i o n .  The prerence of t h e  e l e c t r i c  f i e l d  is  one o f  t h e  poss ib l e  

causes of p a r t i c l e  eg res s  froni the i n t e r a c t i o n  r eg ion ,  A t  t h e  same time 
t h e  time of e l e c t r o n ' s  e r r e s s  from tile c o l l i s i o n  r ea ion  is by o r d e r  of 
magnitude equal  t o  p /  6,, where p is t h e s i g h t i n g  parameter .  T h i s  f a c t  

is r e f l e c t e d  i n  fo rnu la  ( 7 )  b v  the presence of  t he  Bessel  d e r i v a t i v e  

func t ion  J,r. 

u t i l i z e  

I 

b. t c o mpu t a t  i o  cs w i  t h 

f o r  the  i n t e q r a l  ( 7 )  

L1= 2 

twice t ? e  l o s e r i t 3 m i c  .r .ecisicn one may 

the apnroximete formula 

%In 1,; 

A connr r r t  . v e l - -  F i  y l e  c o w i d e r a t i o n  allows t he  o;>taining of 

tile f d l a v i r , , .  ?s:;mptotic fo rxu l r s  : 
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o r  

Here pt = u T i / Q i .  is the  r a d i u s  of gyroscopic r o t a t i o n  of ions .  

Formulas ( 9 ) -  (13) do not depend on t h e  e l e c t r i c  f i e l d  and 
correspond t o  those  obta ined  i n  the work C3] with the d i f f e rence ,  howe- 

ver, t h a t  in our case the  a p p l i c a b i l i t i e s ,  l i m i t e d  by the  magnitude of  

e l e c t r i c  f i e l d  s t r e n g t h ,  a r e  def ined as r e g a r d s  t h e i r  th resholds .  To the  

con t r a ry ,  the express ions  (14) -  (19)  depend e s s e n t i a l l y  on the s t r e n g t h  
of t h e  e l e c t r i c  f i e l d .  Consequently, w i th in  the bounds of  f e e b l e  n o n l i -  

n e a r i t y ,  the c o l l i s i o n  frequency is e s s e n t i a l l y  nonl inear .  
A high-frequency f i e l d  may l e a d  t o  t h e  e f f e c t i v e  decrease of 

i n t e r a c t i o n  in the  case, when its per iod  is less than t h e  c h a r a c t e r i s t i c  

time of  i n t e r a c t i o n  (see [4], Cl], [ Z ] ) .  The account ing of such an effect  
f o r  Qe*>o is revea led  i n  t h a t  at i n t e g r a t i o n  over 4 in t he  i n t e g r a l  

(8), t h e  minimum of  the t h r e e  expressions 
t aken  f o r  t h e  upper l i m i t .  We bring f o r t h  below a s e r i e s  of formulas,  

c h a r a c t e r i z i n g  I&, 

fmax(x), I / q ,  62e- /o should be 

when the  inf luence  of the  e l e c t r i c  f i e l d  is also f e l t *  

. .A 

Without t a k i n g  i n t o  account the considered e l e c t r i c  f i e l d ,  t he  cor res -  
ponding r e s u l t s  can be found i n  t h e  work by Shis te r  [ 5 ] .  
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It has been shown, the re fo re ,  t h a t  in s t r o n g  e l e c t r i c  and 

magnetic f i e l d s  the  conduct iv i ty  depends non l inea r ly  on t he  s t r e n g t h  

of t h e  e l e c t r i c  f i e l d .  A t  t he  same time, in condi t ions  of s t r o n g  non- 
l i n e a r i t y ,  t he  cause of emergence of t he  corresponding dependence con- 
sists in t h a t  t h e  e t r e n g t h  of  the f i e l d  determines the  motion v e l o c i t y  

of c o l l i d i n g  p a r t i c l e s .  I n  condition of f e e b l e  n o n l i n e a r i t y ,  t h e  depend- 

ence on the  e l e c t r i c  f i e l d  a r i s e s  when such a f i e l d  d r i v e s  the c o l l i d i n g  

p a r t i c l e s  ou t  of the c o l l i s i o n  region. 

* * *  T H E  E N D  * * *  
I n s t i t u t e  of Physics  in the  name of Lebedev 
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